The kinetics of glucoamylase-catalyzed hydrolysis of starch granules from six different botanical sources (rice, wheat, maize, cassava, sweet potato, and potato) was studied by the use of an electrochemical glucose sensor. A higher rate of hydrolysis was obtained as a smaller size of starch granules was used. The adsorbed amount of glucoamylase on the granule surface per unit area did not vary very much with the type of starch granules examined, while the catalytic constants of the adsorbed enzyme (k 0 ) were determined to be 23:3 AE 4:4, 14:8 AE 6:0, 6:2 AE 1:8, 7:1 AE 4:1, 4:6 AE 3:0, and 1:6 AE 0:6 s À1 for rice, wheat, maize, cassava, sweet potato, and potato respectively, showing that k 0 was largely influenced by the type of starch granules. A comparison of the k 0 -values in relation to the crystalline structure of the starch granules suggested that k 0 increases as the crystalline structure becomes dense.
Raw starch hydrolysis has been expected to become an energy-conserving alternative in the saccharification of starch. 1, 2) Currently, slow or incomplete conversion and high enzyme requirements have impeded the adoption of this technological strategy. To overcome these limitations, many investigations have been performed on the micro-and macro-architectures of the substrate and on the activity, stability, and inhibition of the enzyme.
2) To make possible rational comparisons of the reaction systems, we need quantitative evaluation of enzyme activity on starch granules, but very few reports exist of quantitative kinetic analyses of the enzymatic hydrolysis of starch granules, because it is difficult to achieve a direct kinetic measurement of the biphasic system with soluble amylase and insoluble starch.
Electrochemical measurements have the advantages of being free from the influence of turbidity and coloration of a test solution. In our previous studies, it was found that direct and continuous observation of hydrolysis in a thick raw starch suspension can be achieved by the use of an electrochemical glucose sensor.
3) Also, it was found that the dependence of the rate of glucoamylase-catalyzed hydrolysis of maize starch granules on the amounts of enzyme and substrate and on the specific surface area of the substrate can be explained well by the rate equations derived from a three-step mechanism, which consists of adsorption of the free enzyme onto the surface of the substrate, the reaction of the adsorbed enzyme with the substrate, and liberation of the product. 4) In the present work, this kinetic study has been extended to the glucoamylasecatalyzed hydrolysis of starch granules from different botanical sources. The experimental results were compared in relation to the structural characteristics, such as the -potential and the X-ray diffraction pattern, of the starch granules.
Materials and Methods
Reagents. Rice starch granules were prepared from rice flour (Gunmaseifun Flour Milling, Gunma, Japan) by alkali method. 5, 6) Wheat, maize, sweet potato, and potato starch granules from Wako and cassava starch granules from a commercial supplier were washed twice with distilled water and dried in a desiccator for several days before use. A given amount (0.025-0.25 g) of starch granules was suspended in 5.0 ml of 0.1 M acetate buffer solution (pH 5.0) for the electrochemical measurement.
Glucoamylase (GA; glucan 1,4--glucosidase from Rhizopus sp., 38.5 U mg À1 ) was obtained from Toyobo and used as received. The bulk concentration of the free GA in a raw starch suspension, [E f ], and the adsorbed amount of GA on the substrate surface were determined as described previously. 4) Other chemicals were of reagent grade and were used as received.
Electrochemical measurements. The concentration of y To whom correspondence should be addressed. Fax: +81-776-61-6015; E-mail: tatsumi@fpu.ac.jp Abbreviation: GA, glucoamylase D-glucose, [Glc], was followed amperometrically using a glucose oxidase-based sensor. 3, 4) The electrode potential was fixed at þ0:60 V vs. AgjAgClj0.1 M KCl reference electrode, and the current (I) due to the glucose oxidase-catalyzed oxidation of glucose was recorded as a function of time (t). The experiments were performed at 25 AE 0:5 C. For further details, see ref.
4).
Measurements of the -potential of starch granules. The -potential of starch granules was measured by Zeecom/ZC-2000 (Microtec, Chiba, Japan) in 1 mM acetate buffer solution (pH 5.0). The migration velocity of particles was referred to that of negatively charged silver iodide sol, the -potential of which was reported to be À45 mV on average.
7)
Results and Discussion Figure 1 shows microscopic images of the starch granules. The insets show the granule size distribution determined by size measurements of about 500 granules. Assuming that the starch granules are spheroids with a constant density (&) and with equatorial and polar diameters of d and hd respectively, the specific surface area of starch (a) can be related to f , &, and d by
where AEd 2 and AEd 3 are the sum of d 2 and d 3 respectively of a given amount of starch granules, and f is related to h by
where e and e 0 are the eccentricities defined by e ¼ ð1 À h 2 Þ 1=2 and e 0 ¼ ð1 À 1=h 2 Þ 1=2 respectively. In view of the microscopic images (Fig. 1) , we assumed that the granules of rice, corn, cassava, and sweet potato starches were spheres, that is, h ¼ 1 and f ¼ 1, and that those of wheat and potato starches had h ¼ 0:5 and 1.5 respectively. The h-values lead to f ¼ 1:38 and 0.90 respectively, by Eqs. Table 1 .
Curve A of Fig. 2 shows the I-t curve for the production of glucose in a 0.010 g cm À3 rice starch suspension (pH 5.0). Before the addition of GA to the suspension, the current was so small that the contam- ination of glucose from starch could be neglected. After the addition of 3 U ml À1 GA, the linear increase in current attributable to the production of glucose by the GA-catalyzed hydrolysis of rice starch granules was observed. Curves B-F in Fig. 2 show the I-t curves for the production of glucose in wheat, maize, cassava, sweet potato, and potato starch suspensions, respectively. For wheat and maize starches, the linear increase in current was observed immediately after the addition of GA. On the other hand, for cassava, sweet potato, and potato starches, the slope of the I-t curve gradually declined, and the linear increase of the current was observed at reaction times of about 15 min. This is probably because some part of the granule surface was liable to hydrolysis and was consumed at the initial stage of the reaction. Similar decreases in the slope of the I-t curve have been obtained with enzymatic hydrolysis of crystalline cellulose. 8) In this study, the rate (v) of hydrolysis was determined from the slope of the linear increase in current at reaction times longer than 15 min. It should be noted that no ''Swiss cheese'' structure, with numerous deep holes in the granules, 9) was observed within the reaction times examined. Larger values of v were obtained as smaller sizes, or larger specific surface areas, of the starch granules were used. The result agrees qualitatively with the report by Nagasaka et al. on the hydrolysis of different types of starch granules by GA from Corticium rolfsii.
10)
The kinetics of soluble enzymes acting on the surface of an insoluble substrate cannot be expressed by the classical Michaelis-Menten theory, due to the twodimensional state of the substrate involved. 11) In a previous study, we found that the rate law of the GAcatalyzed hydrolysis of starch granules follows the three-step kinetic model 4) E f E ad ð4Þ
That is, after the free enzyme (E f ) is adsorbed onto the surface of the substrate according to Eq. (4), the adsorbed enzyme (E ad ) reacts with the substrate (S) according to Eq. (5), followed by the liberation of the product (P) according to Eq. (6) . Under the assumptions that the Langmuir adsorption isotherm is valid [12] [13] [14] for Eq. (4) with respect to the concentration of the free enzyme ([E f ]), and that the pseudo-first-order reaction with respect to S is satisfied in the forward step of Eq. (5), the rate (v) at steady state is given by 4) 
where is the adsorption coefficient, À max is the saturation value of the adsorbed amount of GA on the substrate surface, and S is the weight of the substrate per volume. The k 0 -value represents the catalytic constant of the adsorbed enzyme, as given by
where k 1 and k À1 are the forward and backward rate constants of Eq. (5), respectively, k 2 is the forward rate constant of Eq. (6), and À S is the surface density of the non-reducing end of starch. The K m 0 -value is a dimensionless parameter that reflects the affinity of the adsorbed enzyme for the substrate (here, the nonreducing end of starch). Figure 3 shows the plot of the v-value against [E f ] obtained with a rice starch suspension of S ¼ 0:010 g cm À3 . The v-value increased with increasing [E f ] to approach a saturation value, which is consistent with the prediction from Eq. (7). In Fig. 3 , the solid line is the fitted curve by Eq. addition of starch granules. 4) Hence the k 0 -value was calculated to be 23:3 AE 4:4 s À1 by Eq. (8) . The dependence of v on [E f ] obtained with wheat, maize, cassava, sweet potato, and potato starches was similar to that obtained with rice starch. The -, À max -, and k 0 -values were determined, and they are summarized in Table 2 . The six -values obtained were about 1 Â 10 7 M À1 , indicating that the difference in the adsorptivity of GA for the granule surfaces was relatively small. Also, the six À max -values obtained were close to the calculated value of 5 pmol cm À2 , assuming that GA molecules are spheres with a radius of 3 nm and that they form a closest-packed monolayer on the granule surface, suggesting that À max was mainly determined by the size of the GA molecule and was independent of the type of starch granules. These results indicate that the amount of the GA molecule adsorbed onto the granule surface per unit area did not vary very much with the type of starch granules. On the other hand, a large difference in k 0 between the maximum (23:3 AE 4:4 s À1 for rice starch) and minimum (1:6 AE 0:6 s À1 for potato starch) values was observed. If we take the k 2 ¼ 77 s À1 reported by Hiromi et al. as the intrinsic rate constant of GA for hydrolysis of substrate linkage in a productive complex, 15) the K m 0 -value was calculated to be 2 for rice starch and 47 for potato starch by Eq. (9), which means that 1/3 and 1/48 of adsorbed GA molecules formed a productive complex at the steady state in the cases of rice and potato starches respectively. 4) This result indicates that the affinity of the adsorbed GA molecule for the non-reducing end of starch was largely influenced by the type of starch granules.
It is interesting to compare the k 0 -values in relation to the structural characteristics of the starch granules. In this study, the -potentials for rice, wheat, maize, cassava, sweet potato, and potato starches were determined to be À29 AE 11, À23 AE 6, À26 AE 9, À30 AE 9, À36 AE 21, and À38 AE 15 mV respectively. Hence no significant relationship was found between the k 0 -value and the surface potential of the granule starch. In X-ray diffraction measurement, rice, wheat, and maize starches are known to give an A-type diffraction pattern, potato starch a B-type, and cassava and sweet potato starches a C-type, which is believed to be the sum of A + B. 16) According to the models proposed by Imberty et al. for the crystalline structures of A-and B-type starches, 17) Atype starch has a relatively dense crystalline architecture as compared with the B-type. Thus there may be a tendency for k 0 to have larger values as the crystalline structure becomes dense. This appears to be consistent with Eqs. (9) and (10) , predicting that k 0 increases as À S increases. However, because some differences in k 0 were observed for the same X-ray diffraction pattern, other factors, such as the structure of amorphous region and the impurity, may have effects on k 0 .
